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Abstract 
The design of a high intensity ultrasonic chamber for drying process was investigated. The acoustic pressure distribution in the 
ultrasonic drying chamber was simulated solving linear elastic models with attenuation for the acoustic-structure interaction. 
Together with the government equations, the selection of appropriate boundary conditions, mesh refinement, and configuration 
parameters of the calculation methods, which is of great importance to simulate adequately the process, were considered. 
Numerical solution, applying the finite element method (FEM), of acoustic-structure interactions involves to couple structural 
and fluid elements (with different degrees of freedom), whose solution implies several problems of hardware requirements and 
software configuration, which were solved. To design the drying chamber, the influence of the directivity of the drying open 
camera and the staggered reflectors over the acoustic pressure distribution was analyzed. Furthermore, to optimize the influence 
of the acoustic energy on the drying process, the average value of the acoustic energy distribution in the drying chamber was 
studied. This would determine the adequate position of the food samples to be dried. For this purpose, the acoustic power 
absorbed by the samples will be analyzed in later studies. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
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1. Introduction 
Power ultrasound is an attractive procedure for drying heat-sensitive foods. By applying power ultrasound it is 
possible to dry more rapidly and at lower temperatures than in the conventional driers (García-Pérez et al., 2006). 
Direct contact between samples and vibrating radiators significantly increases the drying rate (Gallego-Juárez, 1998; 
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García-Pérez et al., 2006). However, the main constraint is the difficulty for direct application in conventional air 
driers. The development of an efficient ultrasonic technology with better adaptability to traditional air driers was the 
matter of previous research (De la Fuente et al., 2005; Riera et al., 2004). 
The design of an ultrasonic drying chamber (UD) requires the development of a high-power transducer and to 
study its interaction with the fluid media.  The application of a mathematical model, considering the interaction, 
would allow analyzing the influence of the variables on the sound field distribution. 
The aim of this work is the design of a high intensity ultrasonic drying chamber to get a high averaged sound 
pressure level and acoustic energy stored.  
2. Ultrasonic drying chamber development 
In the design of the UD two main sections were considered (Fig. 1a): (i) a transducer formed by a radiant plate 
and a piezoelectric vibrator; (ii) a drying chamber constituted by two parts, the reflector and the drying cavity. To 
generate a stationary high intensity acoustic field inside an UD chamber, a transducer based on a flexural extensive 
plate was developed. It radiates on both faces, increasing the efficiency of the transducer.  
To guide the radiation emitted by the plate toward the drying cavity, a stepped profiles reflector was established; 
its stepped profile enabled to put in phase the radiation emitted by plate in order to control the radiated acoustic 
field. In addition, the radiation of each internodal sector of the plate surface was channelized by means of parallel 
walls, located in the nodal lines and perpendicular to the plate surface (Gallego-Juárez et al., 2002).   
3. Optimal design 
3.1. Transducer design 
To determine the adequate working mode to maximize the ultrasonic radiation, the transducer resonance modes 
were analyzed. A sinusoidal displacement in the plate at a frequency range close to real operation was applied in 
order to analyze how other nearby modes were excited (Fig. 1b). Therefore, the distribution of displacements and 
stresses in the transducer at the working frequency were obtained. Taking into account fatigue stress limit of the 
material, the power capacity of the plate radiator was calculated at about 300W. 
3.2. UD design 
To optimize the influence of the acoustic energy on the drying process, the acoustic pressure distribution in the 
drying chamber was studied. This would determine the adequate position of the food samples to be dried.  
 Since the acoustic energy stored in the drying cavity (AE) depends, amongst other things, of its dimension, in the 
optimal design of the UD an optimization problem was formulated, considering as objective function (OF, in [J]) the 
AE (eq.1, being c the sound speed, [m/s], P the acoustic pressure, [Pa], v&  the air velocity, m/s, Vc the drying cavity 
volume, [m3], and ρ the air density, [kg/m3]), and the drying cavity height (H∈[0.1,0.2] m) as decision variable.  
 
              (1) 
 
 
To calculate the OF, the acoustic pressure distribution was estimated solving a mathematical model, taken into 
account the interaction of the plate with the acoustic field in the medium. 
The transducer analysis with the medium contained in the chamber involves a high computational cost, according 
the possible dimensions of the UD chamber. To obtain an adequate model, the plate, without the vibrator, and the 
drying air were selected as system, and additional considerations were established: (i) the air pressure distribution is 
symmetric in relation to longitudinal and transversal central axis; (ii) the plate deformation is symmetric in relation 
to the transversal axis and to the longitudinal axis as a half part of the plate is in contact with free air. 
The following simplifications were assumed for the derivation of the acoustic wave equations (Trujillo et al., 
2011): (i) the fluid is defined by the values of pressure and temperature; (ii) the fluid is non-viscous; (iii) the fluid 
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velocity is zero, and there is not convection; (iv) the variation of air density is negligible; (v) the compression of the 
fluid is thermodynamically reversible and adiabatic. 
With the stablished simplifications, the mathematical model is shown below, where ke  (eq. 2)  is the complex 
wave number, [m-1], n
&
 a normal surface vector outward the air, U0 the complex amplitude of the transducer 
displacement, [m], sU
)&
the displacement field, [m], ω the angular frequency, [rad/s], α the attenuation coefficient, 
[dB/m], ρs the solid density, [kg/m3], σ the elastic stress tensor, [Pa]: 
• Governing equations: (i) to calculate the propagation of sound waves through the air, the Helmholtz equation 
was considered (eq. 2); (ii) to calculate the transducer vibration the elasto-dynamic theory, neglecting volume 
forces and assuming mono-harmonic vibration and linear elastic material, was applied (eq. 3). 
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• Boundary conditions: (i) deflector surfaces as sound hard boundaries, walls that channel the ultrasound radiated 
as interior sound hard boundary, and symmetric distribution of the pressure around the longitudinal and the 
axial central axes of the ultrasonic drier (eq. 4); (ii) for all interfaces between the drier air and the plate, the air 
acceleration must match the solid one (eq. 5), and the rest of the plate boundaries in contact with the air were 
assumed free (eq. 6); (iii) the plate deformation is symmetric in relation to the transversal axis (eq. 7); (iv) 
prescribed displacement in the center of the plate (eq.8). 
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• Subsidiary relations: (i) adding attenuation makes the wave number ke complex valued (eq. 9); (ii) the 
attenuation coefficients in air (α) was calculated using the equations stablished by ISO (ISO 9613-1, 1993). 
 
       (9) 
 
According with the irregular geometry of the system, and considering that the model combines the sound 
pressure in the fluid domain with structural deformation in the solid, the model was solved applying FEM. 
3.3. Model validation: Directivity 
To validate the model, the pressure in the far field region directivity was studied. To estimate the P distribution 
out of near-field region, perfectly matched layers were applied to reduce computational time and memory. The 
directivity patterns of the new transducer were computed in the XZ and YZ planes. The simulated far field pressure 
will be compared with the acoustic field of the transducer measured in a semi-anechoic chamber. The measurement 
will be perform with a 1/8 inch condenser microphone, following two-dimensional raster scans on a number of 
cross-sectional planes perpendicular to the radiating surface.  
3.4. Calculation tools 
COMSOL Multiphysics 5.0 was used to solve the mathematic model. To guarantee a good compromise between 
computational time and accuracy results, it was established that the element size should be shorter than a fifth of 
wavelength. Since the software needed more than 1000 Gb of memory to solve the model, the available hardware 
was modified, increasing to 250 Gb of RAM, and two SDD hard disks as virtual memory. 
4. Results 
From the analysis of the transducer resonance modes the working frequency obtained was 20856 Hz. 
The effect of directivity estimated in the radiation pattern of the transducer was clearly evidenced from the 
comparison with the radiation pattern of an equivalent theoretical piston of the same surface dimensions.  
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Fig. 2 shows the evolution of the OF and of the average P (dB) in the drying cavity versus H (m). As expected, 
the OF oscillatory varies whit H; there are several relative optimal points, and the absolute optimum values was 
0.139 m. 
5. Conclusions  
The UD designed produced high intensity and sound pressure levels in the drying cavity.  
The application of the mathematical model would enable to optimize the UD designed sizing or the drying 
process operation, in order to maximize the influence of the sound field on the drying process. The acoustic energy 
distribution in the chamber would determine the adequate position of the food to be dried. For this purpose, the 
acoustic power absorbed by the samples will be analyzed in later studies. 
 
 
Fig. 1. (a) Air pressure distribution (dB) in a quarter part of UD; (b) Sinusoidal displacement in the 
plate. 
 
Fig. 2. Evolution of the OF (J) and of the average P (dB) versus H (m) 
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